Initiation, progression, and resolution of vaso-occlusive pain episodes in sickle cell disease (SCD) have been recognized as reperfusion injury, which provokes an inflammatory response in the pulmonary circulation. Some 5-lipoxygenase (5-lox) metabolites are potent vasoconstrictors in the pulmonary circulation. We studied stimulation of production of the inflammatory eicosanoids leukotrienes (LTs) and prostaglandin E 2 (PGE 2 ) by isolated rat lungs perfused with sickle (HbSS) erythrocytes. Our hypothesis is that HbSS erythrocytes produce more LTs than normal (HbAA) erythrocytes, which can induce vaso-occlusive episodes in SCD patients. Lung perfusates were collected at specific time points and purified by high-pressure liquid chromatography, and LTC 4 and PGE 2 contents were measured by enzyme-linked immunosorbent assay (ELISA). Rat lung explants were also cultured with purified HbAA and HbSS peptides, and 5-lox, cyclooxygenase 1/2, and platelet-activating factor receptor (PAFR) proteins were measured by Western blotting, while prostacyclin and LTs produced by cultured lung explants were measured by ELISA. Lung weight gain and blood gas data were not different among the groups. HbSS-perfused lungs produced more LTC 4 and PGE 2 than HbAA-perfused lungs: 10.40 AE 0.62 versus 0.92 AE 0.2 ng/g dry lung weight (mean AE SEM; P ¼ 0.0001) for LTC 4 . Inclusion of autologous platelets (platelet-rich plasma) elevated LTC 4 production to 12.6 AE 0.96 and 7 AE 0.60 ng/g dry lung weight in HbSS and HbAA perfusates, respectively. HbSS lungs also expressed more 5-lox and PAFR. The data suggest that HbSS erythrocytes and activated platelets in patient's pulmonary microcirculation will enhance the synthesis and release of the proinflammatory mediators LTC 4 and PGE 2 , both of which may contribute to onset of the acute chest syndrome in SCD.
INTRODUCTION
Eicosanoids, products of arachidonic acid if synthesized and released in abnormal amounts, increase pulmonary vascular pressure and promote pulmonary edema. 1, 2 Leukotriene (LT)B 4 and the cysteinyl leukotrienes (CystLTs), such as LTC 4 , are produced in rat lung during hypoxia and can induce pulmonary hypertension. 3 CystLTs such as LTC 4 , LTD 4 , and LTE 4 are produced by alveolar macrophages, basophils, eosinophils, and mast cells as well as by lung vascular endothelium and lung parenchyma. [4] [5] [6] [7] Stimulation of inflammatory cells results in the conversion of arachidonic acid to 5-hydroperoxyeicosatetraenoic acid (5-HPETE) and then to the epoxide LTA 4 through the joint activities of the non-heme iron dioxygenase 5-lipoxygenase and 5-lipoxygenase-activating protein. LTA 4 is further transformed to LTB 4 by LTA 4 hydrolase. LTC 4 synthase further transforms LTA 4 to LTC 4 , which can be metabolized to LTD 4 by γ-glutamyl-transpeptidase and to LTE 4 by cysteinylglycine dipeptidase. LTC 4 and other CystLTs function through their respective receptors, CystLT 1 and CystLT 2 , to induce their physiologic responses (Figure 1 ). CystLT receptors mediate a range of proinflammatory effects, such as increased endothelial membrane permeability leading to plasma exudation and pulmonary edema; bronchoconstriction; and vascular smooth muscle contraction of the pulmonary microvasculature. [4] [5] [6] [7] LTC 4 synthase has been measured in human lung membranes and human platelet homogenates. 8, 9 Sickle cell disease (SCD) chronic lung disease and the acute chest syndrome are two of the notable causes of death in adult patients with sickle cell disease. [10] [11] [12] Some lung complications in SCD result from direct or indirect effects of pulmonary microvascular occlusion by sickled erythrocytes and their adhesion to the vascular endothelium, 13, 14 leading to release of potent vasoactive molecules, including prostacyclin, thromboxane A 2 , and LTC 4 . 15, 16 Indeed, the initiation, progression, and resolution of vaso-occlusive pain episodes due to red blood cell sickling and adhesion to endothelium in the affected tissues have been characterized as "reperfusion injury." 17 Homozygous hemoglobin SS (HbSS) disease patients in steady state have higher circulating thromboxane B 2 and LTC 4 than do control (HbAA) individuals, suggesting a greater expression and activity of LTC 4 synthase. 18 However, there is no experimental evidence indicating a di-rect effect of sickle erythrocyte production of 5-lipoxygenase (5-lox) metabolites from the lung vasculature. Furthermore, the role and significance of the leukotrienes as inflammatory mediators in the pathogenesis of acute or chronic lung disease in SCD patients are not well understood. We employed an in vitro model of isolated, perfused rat lung to investigate the effect of the interaction of sickle erythrocytes with the pulmonary microvasculature on the production of LTC 4 . Also, using purified HbSS and HbAA peptides, we studied expression of some inflammatory proteins by adult rat lungs stimulated with these peptides. We hypothesized that HbSS erythrocytes, compared to control HbAA erythrocytes, will augment synthesis and release of LTC 4 and that HbSS peptide will stimulate expression of inflammatory proteins while downregulating expression of anti-inflammatory proteins by the rat lungs.
METHODS

Blood samples from patients and volunteers
The study was approved by the Institutional Review Board of the Committee on Human Research of the Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Figure 1 . Scheme of leukotriene biosynthesis and physiological effects in the lung. Arachidonic acid released by action of phospholipase A 2 (PLA 2 ) is acted upon by 5-lipoxygenase (5-Lox) producing 5-HPETE (5-hydroperoxyeicosatetraenoic acid), which is metabolized to various leukotrienes (LT), including LTC 4 , which binds to its CystLT 1 receptors to evoke some physiological responses, including inflammation and vasoconstriction. FLAP: 5-Lox activating protein; 5-HETE: 5-hydroxyeicosatetraenoic acid; CystLT: cysteinyl leukotriene.
Center, Torrance, California, and informed consent was obtained from all participants. Venous blood samples were obtained from 6 healthy control subjects (students and laboratory staff ) with HbAA, aged 18-39 years, and 12 adult SCD (HbSS disease) patients, aged 18-39 years, who were in steady state. The patients had no manifestation of painful episodes and had not been hospitalized in the 6 months before the study. Also, the patients had no documented infection at the time of study, had not received a blood transfusion within the preceding 2 months, and were not receiving hydroxyurea therapy. The study subjects were not on any nonsteroidal anti-inflammatory medications. Freeflowing venous blood was withdrawn with minimum trauma into 3.8% sodium citrate solution.
Preparation of erythrocytes and platelet-rich plasma
Platelet-rich plasma (PRP) was prepared from the blood of every participant by centrifugation at 150 g for 10 minutes at 37°C. The PRP was pipetted into a polypropylene plastic tube prerinsed with 13% acid-citrate dextrose. The buffy coat of white blood cells was removed carefully and discarded.
The red blood cells of control HbAA or SCD HbSS participants were resuspended in Krebs bicarbonate buffer, pH 7.4, containing 119 mM NaCl, 4.7 mM KCl, 22.6 mM NaHCO 3 , 1.17 mM MgSO 4 , 1.18 mM KH 2 PO 4 , 1.6 mM CaCl 2 , 5.5 mM glucose, and 1% bovine serum albumin (BSA); layered onto 3 mL of Ficoll-Paque (LKB-Pharmacia, San Francisco); and centrifuged at 360 g for 15 minutes to remove extra platelets, mononuclear cells, and granulocytes. The erythrocytes were then washed by resuspension in 5 volumes of phosphate-buffered saline (PBS) containing 131 mM NaCl, 5.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 1% BSA, and 8.3 mM glucose (GPBS); centrifuged at 200 g for 10 minutes to remove the Ficoll-Hypaque; and then resuspended to a hematocrit of 7% in 40-50 mL of GPBS. The erythrocyte suspension was then transferred to a recirculating perfusion circuit maintained at 37°C, as reported previously. 19 
Isolation of rat lungs
Lungs of adult rats, body weight 350-450 g, were isolated, cannulated, and perfused as previously described. 19 Briefly, the rats were sedated with intramuscular injection of ketamine, 25 mg/kg, after which anesthesia was supplemented with pentobarbital sodium (25 mg/kg) via the femoral vein. An endotracheal tube was inserted into the trachea and tied, and the rat was allowed to breathe 100% oxygen spontaneously. After infusion with heparin sodium (1,000 IU/kg), an overdose of pentobarbital sodium (100 mg/kg) was given intravenously. The superior and inferior venae cavae were ligated, and the heart and lung were removed en bloc via a midline sternotomy. Cannulas filled with saline were placed into the main pulmonary artery and left atrium via the right and left ventricles, respectively, being careful that no air bubbles entered the pulmonary artery. Cannulated lungs were placed on their dorsal surfaces on a moistened heating pad and covered with a humidified, nonevacuated Plexiglas chamber. The lungs were then ventilated via the tracheal cannula with a gas mixture containing 30% O 2 , 8% CO 2 , and the balance N 2 , using an anesthesia bag (INTEC, Englewood, CO), and washed with a Masterflex roller pump at 50 mL/kg/min in a non-recirculating system with PBS, pH 7.4, via the pulmonary artery cannula until the effluent was clear of the rats' red blood cells and the lung appeared bleached.
The washed lungs were then connected to the perfusion circuit, which included a Harvard rat ventilator, and ventilated at 25 breaths/min, with a tidal volume of 2.5 mL and an end-expiratory pressure of 5 cmH 2 O, with a gas mixture of 30% O 2 , 8% CO 2 , and the balance N 2 . All lungs were ventilated with peak airway pressure between 15 and 25 cmH 2 O and kept distended at a constant airway pressure of 7 cmH 2 O. Other components of the perfusion circuit were the Masterflex roller pump that pumped the perfusate, a physiograph to determine pressure, and the calibrated perfusion reservoir. The perfusate comprised the GPBS and a suspension of HbAA erythrocytes or a suspension of HbSS erythrocytes, perfused into the pulmonary artery at 40 mL/kg/min through a bubble trap placed in a heat exchanger. To abolish prostanoid production by active vasomotion of the rat lung during perfusion, papaverine (70 mg/mL) was added to the perfusion reservoir to paralyze the lungs. 19 The perfusate drained from the left atrium into a calibrated venous reservoir that contained the perfusate. The pulmonary arterial pressure was controlled by adjusting the flow rate and left atrial pressure by the height of the venous reservoir. By adjustment of the inflow, outflow, and airway pressures, the lungs were maintained and perfused in zone 3 conditions.
Determination of lung pressure
All lungs were perfused at a constant pressure. However, pulmonary arterial and left atrial pressures were monitored continuously via small polyethylene tubing (PE60) placed in the main pulmonary artery and the left atrium and connected to pressure transducers (Gould Statham P23). A data acquisition board (DT2821; Data Translation, Marlboro, MA) was used for analog input and digital output. In the course of the experiment, pulmonary arterial and left atrial pres-sure signals were simultaneously digitized with a data acquisition software package, Global Lab (Data Translation), at 500 samples per second and displayed on a monitor. Once the data were collected and stored on the computer's hard drive, they were retrieved and analyzed with another signal-processing software package, DADiSP (DSP Development, Cambridge, MA). In all instances, the pulmonary arterial and left atrial pressures did not change during the duration of the perfusion study. Airway pressure was also measured continuously with a water manometer. The zero reference level for vascular pressures was the base of the lung.
Experimental design
The experimental animals were divided into 3 groups. The lungs of each group were perfused as described below.
Experiment 1 (group 1; n ¼ 6). Lungs were perfused at a flow rate of 40 mL/kg/min with the GPBS buffer for 15 minutes, followed by addition of 15 mL of GPBS, equivalent to the volume of PRP used in groups 2 and 3, and then perfusion continued for 15 more minutes. The flow rate was then increased to 80 mL/kg/min, and the perfusion continued for another 15 minutes. Experiment 2 (group 2; n ¼ 6). Lungs were perfused at a flow rate of 40 mL/kg/min with control HbAA erythrocytes washed and resuspended in GPBS at a hematocrit (Hct) of 7% for 15 minutes, followed by addition of 15 mL of PRP, and then perfusion continued for 15 more minutes. The flow rate was then increased to 80 mL/kg/min, and the perfusion continued for another 15 minutes. Experiment 3 (group 3; n ¼ 12). Lungs were perfused at a flow rate of 40 mL/kg/min with HbSS erythrocytes washed and resuspended in GPBS at a Hct of 7% for 15 minutes, followed by addition of 15 mL of PRP, and then perfusion continued for 15 more minutes. The flow rate was then increased to 80 mL/kg/min, and the perfusion continued for another 15 minutes to assess the effect of increased rheology on erythrocytes in the microcirculation.
The pH, carbon dioxide and oxygen partial pressures (pCO 2 and pO 2 , respectively), and dextrose concentration of the perfusates were monitored at regular intervals and adjusted to physiological values with NaHCO 3 , by bubbling O 2 and/or adding dextrose if necessary. At the end of each perfusion, the volume of perfusate was determined, the exact flow rate was determined, and the change in lung weight was calculated.
Sample collection
One-milliliter samples of the perfusing fluids were withdrawn from the left atrial cannula into aspirin-treated tubes at the following time points: 0 minutes (baseline) and 15 minutes later; 0 (baseline) and 15 minutes after addition of PRP; and finally 15 minutes after the 2-fold increase of the perfusion flow rate. The baseline sample was collected immediately after connecting the lung to the perfusion circuit but before the flow rate was set at the desired value of 40 mL/kg/min. In order to establish consistency for the sampling, the 0-minute time points were taken to be 60 seconds after the initiation of flow and 60 seconds after the addition of PRP. Each sample was spun at 1,500 g at 4°C for 10 minutes. The supernatants were transferred into fresh tubes, frozen in liquid nitrogen, and stored at −80°C. Samples were usually analyzed within 4 weeks. Storage at −80°C for 4 weeks did not alter the amount of arachidonic acid metabolites measured from each sample.
Metabolite extraction, high-pressure liquid chromatography (HPLC), and enzyme-linked immunosorbent assay (ELISA) for LTC 4 and prostaglandin E 2 (PGE 2 ) Samples were extracted for 5-lox products before purification by HPLC and quantification by ELISA, as previously reported. 15, 19 The ELISA kits were purchased from Neogen (Louisville, KY). Curve fitting of the standard and calculation of the amount of metabolite were performed with a weighted nonlinear ELISA program. Final results of metabolite concentration were corrected for recovery, normalized to the volume of perfusate at the time of sample collection, with the baseline value subtracted from each time point, and the concentration was expressed as nanograms of metabolite per gram of lung dry weight.
In vitro studies with HbAA and HbSS peptides on lung explants Stimulation of protein expression by HbAA and HbSS peptides. Lung explants of adult rats (350 AE 25 g) were isolated, and the vasculature was washed to remove rat blood components by perfusion with PBS. Washed lungs were cut into 0.3-0.5-mg wet weight sections; treated separately with 1 μg/mL normal hemoglobin A 2 (HbAA peptide; Sigma-Aldrich, catalog no. H0267) and sickle cell hemoglobin S (HbSS peptide; Sigma-Aldrich catalog no. H0392), each dissolved in Krebs bicarbonate buffer, pH 7.4, supplemented with 5% serum; and incubated for 24 hours in an incubator aerated with 5% CO 2 in air. Controls were lung explants cultured with the Krebs buffer alone. Lung tissues were homogenized with 40 mM HEPES buffer, pH 7.4, containing protease inhibitors. 20, 12 Proteins were subjected to Coomassie blue analysis before being used for sodium dodecyl sulfate-polyacrylamide gel electropho-resis (SDS-PAGE), as we have reported. 21 Protein expression was quantified against β-actin expression.
Stimulation of eicosanoid production by stimulated lungs. Lung explants were incubated for 4 hours in a 5% CO 2 incubator. Control lung explants were incubated in culture buffer alone or with 1.0 μM of calcium ionophore A23187, a phospholipase A 2 activator, so as to enable comparison of the effects of HbAA and HbSS peptides on arachidonic acid release from membrane phospholipids. Metabolites were purified by HPLC, measured by ELISA, and normalized to protein concentration.
Western blotting/SDS-PAGE SDS-PAGE was performed on 4%-12% Tris-glycine gradient gels (Lonza, Rockland, ME), as previously reported. 21 Membranes were probed for 5-lox, platelet-activating factor receptor (PAFR), cyclooxygenase (COX)1, and COX2 with anti-5-lox antibody (a generous donation by Dr. Peters-Golden, University of Michigan). Antibodies to PAFR (polyclonal), COX1, and COX2 were purchased from Cayman Chemical (Ann Arbor, MI), with an anti-rabbit Ig (immunoglobulin) HRP (horseradish peroxidase)-linked secondary antibody. Signals were captured with Amersham ECL Western blot detection kit on X-ray film. Each protein was quantified against expression of β-actin standard.
Data analysis
The numerical data are reported as means AE SD for blood gas indexes, but amounts of metabolites measured are reported as means AE SEM of rat dry lung weight. To compare data within groups-for example, 0 minute, 15 minute, etc.-a paired repeated-measures statistic was used, applying Dunn's post hoc test. Data from HbSS erythrocytes or peptides were compared with data from HbAA erythrocytes or peptides and data from GPBS perfusions, using Student's t test and ANOVA with the Tukey post hoc test. Differences were considered significant at P < 0.05.
RESULTS
Characteristics of patients with SCD and normal control volunteers
Mean age, weight, hemoglobin density, platelet volume, platelet and white blood cell counts, and Hct of the SCD patients and normal controls are shown in Table 1 . The ages of the SCD patients and normal controls and the platelet counts were not different; however, the weight of SCD patients and their hemoglobin density, platelet volume, and Hct were less than those of the normal controls, while the white blood cell count of the SCD patients was higher than that of the normal controls.
Acid-base status and lung weight during the perfusion
The blood-gas indexes (mean AE SD) of perfusates at time of sample withdrawal were pH of 7.38 AE 0.09, pCO 2 of 37 AE 10 Torr, and pO 2 of 105 AE 16 Torr for the 24 lungs studied ( Table 2 ). All lungs had gained weight by the end of the perfusion. However, lungs that developed airway edema during the study were not included in the data analyses presented here. Weight gain (mean AE SEM) was as follows: GPBS lungs: 176% AE 44%, n ¼ 6 (range: 100%-400%); HbAA erythrocyte lungs: 156% AE 47%, n ¼ 6 (range: 30%-300%); and HbSS erythrocytes lungs: 160% AE 32%, n ¼ 12 (range: 20%-300%). There was no difference in percent weight gain between the 3 groups of lungs (GPBS vs. HbAA, P ¼ 0.77; GPBS vs. HbSS, P ¼ 0.81; HbAA vs. HbSS, P ¼ 0.95), but GPBS lungs appeared to gain more weight than either HbAA-or HbSS-erythrocyte lungs (Table 2).
HbSS erythrocytes stimulate greater LTC 4 production by perfused lungs
Amounts of all metabolites (LTC 4 and PGE 2 ) measured from the perfusates are shown as means AE SEM in nanograms per gram lung dry weight. Changes in LTC 4 levels produced with GPBS buffer alone and with buffer plus HbAA or HbSS erythrocytes are shown in Figure 2 and Table 3 . At the baseline (0 minutes), production of LTC 4 by lungs perfused with GPBS was 2.9 AE 0.3. During perfusion with GPBS, the amount of LTC 4 measured was not different from that from the initial 15 minutes of perfusion. At 15 minutes, the amount of LTC 4 in GPBS-perfused lungs was 3.15 AE 0.40, which is not different from the value at the baseline (P ¼ 0.85).
Perfusion with HbAA erythrocytes produced relatively very low and consistent amounts of LTC 4 during the initial 15 minutes, 0.92 AE 0.22. In contrast, 15 minutes after the perfusion was initiated, the lungs perfused with HbSS erythrocytes produced 10.40 AE 0.62 of LTC 4 , more than 10 times the amount produced by HbAA erythrocytes and about 3 times the amount produced by the GPBS buffer alone. LTC 4 production by isolated lungs perfused with HbSS erythrocytes during the initial 15 minutes was different from that of either GPBS-or HbAA-perfused lungs (P < 0.0001; Figure 2 ).
Combined perfusion of erythrocytes and autologous PRP increased LTC 4 production LTC 4 production by lungs perfused with GPBS buffer alone, a mixture of GPBS buffer plus platelets, or a mixture of HbSS or HbAA erythrocytes plus autologous PRP is shown in Figure 3 . All data are shown as means AE SEM in nanograms per gram lung dry weight. Perfusion of lungs with GPBS alone increased LTC 4 production from the initial 3.1 AE 0.40 to 4.4 AE 0.72. However, after 15 minutes of continuous perfusion with this mixture, LTC 4 production decreased to 1.5 AE 0.32 (Figure 3 ). Perfusion of lungs with a mixture of GPBS plus platelets (GPBSþPlts) produced a nonsignificant increase in LTC 4 production both at 0 minutes (5. Figure 3 ). The lack of significant increase in LTC 4 production after perfusion with GPBSþPlts suggests that the interaction of HbSS erythrocytes and autologous PRP is necessary to activate the platelets and thence stimulate more LTC 4 production.
Increasing the perfusion rate with mixtures of erythrocytes and autologous PRP to 80 mL/kg/min augments LTC 4 production by perfused lungs The effect on LTC 4 production of increasing perfusion rate to 80 mL/kg/min is shown in Figure 4 . Perfusion of GPBS at 80 mL/kg/min increased the production of LTC 4 by 80% over production at 40 mL/kg/min. As was observed with the 15-minute perfusion with GPBSþPlts at 40 mL/ kg/min, perfusion with GPBSþPlts produced a nonsignificant increase in LTC 4 production at 80 mL/kg/min. Perfu- Note: Data are means AE SD. All the lungs gained weight at the end of the perfusion. Lungs that developed airway edema during the study were discarded. There was no significant difference in the percent gain in weight among the 3 groups of lungs. GPBS-perfused lungs tended to gain a little more weight than lungs perfused with hemoglobin SS (HbbSS) or control hemoglobin AA (HbAA) erythrocytes; GPBS versus HbAA: P ¼ 0.77; GPBS versus HbSS: P ¼ 0.81; HbAA versus HbSS: P ¼ 0.95. pCO 2 : partial pressure of CO 2 ; pO 2 : partial pressure of O 2 ; GBPS: phosphate-buffered saline containing 131 mM NaCl, 5.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 1% bovine serum albumin, and 8.3 mM glucose; RBCs: red blood cells. sion with the mixture of HbAA erythrocytes and autologous PRP decreased LTC 4 measured in effluents at 80 mL/kg/min. In contrast, perfusion with the mixture of HbSS erythrocytes and autologous PRP increased LTC 4 measured at 80 mL/kg/ min compared to that at 40 mL/kg/min, 16.8 AE 3.1 versus 12.6 AE 0.96 (Figure 4 ).
Production of PGE 2 by lungs during the perfusion
Production of PGE 2 measured from the perfusates, presented as means AE SEM in nanograms per gram lung dry weight, is shown in Figure 5 and Table 4 . In general, Figure 2 . Profile of leukotriene C 4 (LTC 4 ) produced by isolated rat lungs perfused with buffer alone or with erythrocytes, with metabolites measured at 15 minutes of perfusion. Three separate groups of lungs were perfused with buffer (GPBS; n ¼ 6), normal erythrocytes (HbAA-RBC; n ¼ 6), or sickle cell erythrocytes (HbSS-RBC; n ¼ 12). Perfusates were collected as described in "Methods," and the LTC 4 was extracted, purified by high-pressure liquid chromatography, and measured by enzymelinked immunosorbent assay. Data are means þ SEM. A single asterisk indicates significant (P < 0.05) difference from LTC 4 production in GPBS control; double asterisks indicate significant (P < 0.05) difference from both GPBS controls and the HbAA-RBC group. GPBS: phosphate-buffered saline containing 131 mM NaCl, 5.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 1% bovine serum albumin, and 8.3 mM glucose. Note: Measurements were taken after 15 minutes of perfusion with perfusate alone and 3 times after addition of PRP: immediately (0 min), 15 minutes later (15 min), and after 15 more minutes, during which the perfusion rate was twice the initial rate (30 min); see "Experimental design." GBPS: phosphate-buffered saline containing 131 mM NaCl, 5.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 1% bovine serum albumin, and 8.3 mM glucose; HbAA: hemoglobin AA; HbSS: hemoglobin SS; RBCs: red blood cells. perfusion of lungs with GPBSþPlts produced a release of PGE 2 that was, like LTC 4 release, not different from the effect of GPBS alone. At the beginning of the perfusion (time 0 minutes), PGE 2 production by GPBS-perfused lungs was 0.014 AE 0.02. PGE 2 production by lungs perfused with GPBS alone or with GPBSþPlts did not change during the study. For instance, 15 minutes after the initial flow rate was doubled, the PGE 2 produced by GPBS lungs was 0.011 AE 0.02 ( Figure 5) , which is not different from the value at 0 minutes (P ¼ 0.9). For lungs perfused with HbAA erythrocytes, PGE 2 production was not detected at any of the time points or under any of the experimental conditions. On the other hand, HbSS erythrocyte-perfused lungs produced 0.37 AE 0.08 of PGE 2 at 0 minutes, which increased to 0.96 AE 0.09 after 15 minutes of perfusion ( Figure 5) . Perfusion with the mixture of HbSS erythrocytes and autologous PRP increased PGE 2 production to 1.52 AE 0.24, but production decreased by 18% 15 minutes after the addition of PRP to the HbSS erythrocytes ( Figure 6 ). When the flow rate was doubled, PGE 2 production after 15 minutes of perfusion increased to 1.66 AE 0.19 (Figure 7) , which was 350% higher than the PGE 2 produced at 0 minutes (0.37 AE 0.08).
Production of PGE 2 increased during the initial 15 minutes of perfusion. Lungs perfused with HbSS erythrocytes produced significantly more PGE 2 than HbAA-or GPBSperfused lungs (P < 0.0003). Lungs perfused with HbAA erythrocytes did not produce detectable levels of PGE 2 . Coperfusion of the lungs with the GPBS or HbAA erythrocytes plus PRP did not affect lung production of PGE 2 . Note: Measurements were taken after 15 minutes of perfusion with perfusate alone and 3 times after addition of PRP: immediately (0 min), 15 minutes later (15 min), and after 15 more minutes, during which the perfusion rate was twice the initial rate (30 min); see "Experimental design." GBPS: phosphate-buffered saline containing 131 mM NaCl, 5.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 1% bovine serum albumin, and 8.3 mM glucose; HbAA: hemoglobin AA; HbSS: hemoglobin SS; RBCs: red blood cells; NC: no change; ND: none detected in the assay. cubated with HbSS peptides expressed significantly more (20% more) 5-lox protein than either Krebs control or HbAA-peptide lungs (Figure 8 ). With respect to PAFR protein expression (Figure 9 ), lungs stimulated with HbAA peptide expressed the lowest amount of PAFR, compared to expression by Krebs buffer control and HbSS-peptide lungs. Expression by HbAA peptide-treated lungs was 40% less than that by Krebs control lungs and 80% less than that by HbSS peptide-treated lungs. Therefore, lungs ex-posed to HbSS peptide expressed significantly more PAFR protein than either Krebs control or HbAA-peptide lungs. Figures 10 and 11 show expression of COX1 and COX2 proteins, respectively, by lungs stimulated with HbSS and HbAA peptides, compared to expression by Krebs control lungs. There was no difference in COX1 protein expres- Figure 8 . Expression of inflammatory protein 5-lipoxygenase (5-LOX) by rat lung explants stimulated in vitro with normal (HbAA) or sickle cell (HbSS) peptides. Adult rat lungs were prepared for studies as described in "Methods." Proteins were prepared, and 5-LOX was measured by Western blotting. HbSS peptide increased expression of 5-LOX. Data are means þ SEM. An asterisk indicates significant (P < 0.05) difference from Krebs buffer control. Figure 2 for experimental details and other abbreviations. Data are means þ SEM. A single asterisk indicates significant (P < 0.05) difference from PGE 2 production at the initial perfusion rate; double asterisks indicate significant (P < 0.05) difference from PGE 2 production in both GPBS controls and the HbAA group. Figure 10 . Expression of cyclooxygenase 1 (COX1) protein by adult rat lungs stimulated in vitro with normal (HbAA) or sickle cell (HbSS) peptides. Adult rat lungs were prepared for studies as described in "Methods." Proteins were prepared, and COX1 expression was measured by Western blotting. There was no significant difference in COX1 expression among the 3 groups of lung explants. "Krebs" denotes the Krebs buffer control. Data are means þ SEM. sion by the 3 groups of lungs ( Figure 10 ). On the other hand, whereas COX2 protein expression by lungs stimulated with HbAA peptide was not different from that by Krebs control lungs, HbSS peptide stimulated COX2 protein expression 20% greater than that by either Krebs control or HbAA lungs (Figure 11 ).
Expression of the inflammatory proteins 5-lox and PAFR and COX proteins
HbSS peptides stimulate greater production of prostacyclin (6-keto-PGF 1α ) and LTs
The amount of prostacyclin, as 6-keto-PGF 1α (6-keto), produced by lungs stimulated for 4 hours with the HbAA and HbSS peptides is shown in Figure 12 . Compared to Krebs control, the calcium ionophore A23187 caused greater release of 6-keto, and HbAA peptide did not stimulate release of 6-keto ( Figure 12 ). On the other hand, 6-keto release by lungs stimulated with HbSS peptide was comparable to the effect of A23187, suggesting, perhaps, tissue injury to the lung comparable to that caused by A23187. A23187 also stimulated greater leukotriene production than Krebs control and HbAA-treated lungs (Figure 13 ). However, leukotriene production by lungs stimulated with HbSS peptide was greater than that by Krebs control and HbAA-peptide lungs. Of note, leukotriene production by HbAA-peptide lungs was less than that by Krebs control lungs.
DISCUSSION
In this study, we show that rat lungs perfused with HbSS erythrocytes or HbSS erythrocytes together with autolo-gous PRP produced significantly greater amounts of LTC 4 and PGE 2 , compared to lungs perfused with HbAA erythrocytes or perfusion buffer under the same conditions. Weight gain by the 3 groups of lungs after perfusion was not different. Also, the acid-base status, pCO 2 , and pO 2 of the perfusates of the 3 groups of lungs were not different. There were some differences in vital characteristics between the SCD patients and the normal controls (Table 1) . SCD is characterized by recurrent hypoxemia, chronic hemolysis, recurring vaso-occlusive pain episodes, and tissue damage. 22, 23 It has been shown that tissue ischemia results in proinflammatory conditions in SCD, as a high level of platelet-activating factor (PAF) is measured in the circulation of SCD patients in a steady state, 24 and indeed the initiation, progression, and resolution of vaso-occlusive pain episodes due to red blood cell sickling and adhesion to endothelium in the affected tissues have been characterized as "reperfusion injury." 17 Reperfusion of tissues after interruption of blood flow causes free-radical generation, 25 provokes an inflammatory response, and exposes tissues to inflammatory mediators such as PAF, leukotrienes, and other cytokines. [24] [25] [26] Sickle cell lung disease is also characterized by the inflammatory state of the tissues, occlusion of the lung microvessels by sickle erythrocytes, and lung segments that exhibit either a paucity or the absence of visible arterioles and venules, suggesting vessel collapse as a result of microthrombi within their lumen or upstream occlusion of segmental arterioles. [10] [11] [12] 22, 23 In a previous report, Haynes et al. 27 showed that ventilation of the lungs with a hypoxic gas increased pulmonary capillary pressure only when the lungs were perfused with HbSS red blood cells. This suggests that the vasoconstriction that occurred in the pulmonary microvasculature in response to alveolar hypoxia 28, 29 probably augments hemoglobin S polymerization and diminishes the deformability of sickle erythrocytes. In the present study, the perfusion rate was doubled in an attempt to determine the possible effect of diminished deformability of sickle erythrocytes during low-flow conditions. Production of metabolites increased even when the flow rate was increased, suggesting that diminished erythrocyte deformability may not be the factor causing increased metabolite release, but perhaps free radicals generated in situ by the sickle cell erythrocytes may be contributing to injury of the endothelium and the inflammatory response.
Leukotrienes are potent mediators of inflammation as well as vasoconstrictors in the pulmonary circulation. LTB 4 , another eicosanoid from the 5-lox pathway, promotes leukocyte chemotaxis and adhesion to the endothelium of postcapillary venule. 30 The CystLTs LTC 4 , LTD 4 , and LTE 4 elicit macromolecular leakage from this vessel segment. Leukocyte adhesion to the endothelium and macromolecular leakage from postcapillary venules are characteristic of the microcirculatory failure after ischemia-reperfusion. This suggests a role of leukotrienes as mediators of ischemia-reperfusion injury in sickle cell lung disease. 17, 23 Our observation that HbSS erythrocytes augment production of LTC 4 , compared to control HbAA erythrocytes, is supported by the report of LTC 4 synthase expression by human lung membranes and human platelet homogenates, as determined by Western blotting. 8 Davidson and Drafta 31 also suggested that pulmonary hypertension in the rat lung induced by PAF, a proinflammatory mediator, is caused by prolonged activation of 5-lox leading to LTC 4 production. Rat lung explants incubated with HbSS and HbAA peptides expressed 5-lox protein, and HbSS peptides caused greater expression of 5-lox. This suggests that increased LTC 4 production by HbSS erythrocyteperfused rat lungs may result from activation of the 5-lox enzyme, as observed in this tissue culture study, and perhaps activation of LTC 4 synthase downstream from 5-lox. This contention is supported by findings by Daak and associates, 32 who found no difference in the levels of arachidonic acid in cell membranes between SCD patients and normal individuals. Therefore, the underlying difference is not the level of arachidonic acid but the activities of leukotrienemetabolizing enzymes in the lung endothelium. In our study with rat lung explants, leukotrienes were measured after all treatments, but HbSS peptide stimulated greater production of leukotrienes than did HbAA peptide, and release was comparable to effect of the phospholipase A 2 (PLA 2 ) activator A23187. We can infer from this result that HbAA peptide is less effective in stimulating arachidonic acid metabolism following PLA 2 activation. In this in vitro study with explants, the lung vasculature was washed devoid of rat blood components to ensure that protein expression or metabolite release was induced by the peptide treatments. These results also suggest that in some patients, systemic hypoxia may produce a rapid microvascular inflammatory response characterized by release of reactive oxygen species (ROS), leukocyte-endothelial adherence and emigration, increased vascular permeability, and consequently elevated production of inflammatory mediators such as leukotrienes and PAF. 15, 24 PAF is a potent inflammatory mediator and pulmonary vasoconstrictor that acts through its receptor to evoke responses in target cells or organs. We found that HbSS peptides stimulated greater PAFR expression than does HbAA peptide, suggesting that in vivo, PAF released in the lung can bind to its receptors to induce the inflammatory response directly or stimulate the vascular endothelium and white cells to release leukotrienes. Furthermore, LTB 4 is involved in early hypoxiainduced responses, such as ROS generation and leukocyte adherence, 33 and has been measured in plasma of SCD pa-tients. Pulmonary hypoxia associated with SCD may induce production of increased ROS levels by actions of LTB 4 , LTC 4 , and PAF. 18, 24, 30, 33, 34 Leukotrienes, in particular LTB 4 , are receiving significant attention in their role in lung diseases such as chronic obstructive pulmonary disease, where LTB 4 binds to its cell surface receptors to evoke inflammatory response and airway remodeling. 35 Contribution of platelets to the transcellular metabolism of arachidonic acid represents an important pathway of leukotriene production. We demonstrate here that rat lungs perfused with HbSS erythrocytes and autologous PRP synthesized and produced significantly greater amounts of LTC 4 and PGE 2 than lungs perfused with the GPBS buffer alone, GPBSþPlts, or control HbAA erythrocytes. Other studies have also demonstrated that intact erythrocytes enhanced platelet activation and recruitment. [36] [37] [38] An important consequence of platelet activation is release of intracellular bioactive compounds, which in turn activate additional platelets that can interact with other cells in the microvasculature via receptor activation, i.e., the "recruitment phase" of homeostasis or thrombosis. 38, 39 Of note in this report is the observation that inclusion of platelets, whether from HbAA or HbSS blood, in GPBS perfusion buffer did not result in augmentation of measured metabolites. This suggests that the SCD erythrocytes are the primary stimuli for platelet activation and subsequent induction of metabolite production and release by the lung vascular endothelium. Prostaglandins, COX metabolites of arachidonic acid, can serve as indicators of inflammatory conditions, 40, 41 for example, during ischemia and inflammatory conditions. 17, 29, 42 Lungs perfused with HbSS erythrocytes produced more PGE 2 , suggesting that HbSS erythrocytes can also induce acute inflammatory condition in the pulmonary microvasculature, perhaps because of reperfusion injury. Sustained production of PGE 2 also suggests tissue injury compounded with inflammatory conditions. [43] [44] [45] We found no difference in COX1 protein expression between HbAA peptide-and HbSS peptidestimulated lungs. However, lungs stimulated with HbSS peptide expressed more COX2 protein. COX2 protein is the inducible form of cyclooxygenases, and so we can surmise that HbSS peptide is able to induce COX2 expression in culture. Furthermore, HbSS peptide-stimulated release of prostacyclin is comparable to effect of the PLA 2 activator A23187, whereas prostacyclin is not detected in lungs stimulated with HbAA peptides. This suggests that HbSS peptide is able to stimulate arachidonic acid release, which is an indication of cell membrane injury, presented by COX2 activation and then prostacyclin production. It is likely that the stimulation of prostacyclin production by lungs incu-bated with HbSS peptide may be for protection of pulmonary vascular integrity, as expression of COX2 enzyme was also activated by the HbSS peptide. SCD is complicated by the coexistence of vascular occlusion, the acute chest syndrome, and pulmonary hypertension, among others. 46, 47 These factors combine to cause increased morbidity and mortality of SCD patients. However, the mechanisms by which these processes occur or affect the general physiological well-being of the SCD patients are poorly understood. Our data from isolated rat lungs perfused with HbSS erythrocytes and those from lung explants cultured with purified HbSS peptide suggest that HbSS erythrocytes can stimulate release of inflammatory molecules, most likely from the pulmonary vascular endothelium, as well as induce expression of inflammatory proteins. These properties of HbSS hemoglobin may cause injury to the pulmonary vascular endothelium, leading to vaso-occlusive processes and subsequently the acute chest syndrome.
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